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Supplementary Information
2Protocol for gRNA array assembly:
To assemble gRNA arrays for expression in S. cerevisiae, we use a dual PCR, Type IIs 
Golden Gate method for constructing transcriptional units that contain many repetitive 
DNA sequences flanked by short, variable DNA sequences. Dual PCR, in this case, 
refers to the two separate rounds of PCR which are performed. After the two rounds of 
PCR, a Golden Gate reaction is performed to join the PCR fragments together. Figure 
S1 is a schematic/experimental guideline for performing this method. Assembled gRNA 
arrays are compatible with the Yeast MoClo Toolkit.1
Round 1 PCR: Add gRNAs via PCR amplification of a Guide-Generating Vector
The first step is to build spacer 
sequences and join them to scaffolds 
(for Cas-binding) by performing PCR 
on a ‘Guide-Generating Vector’. In 
round 1 PCR, the forward primer 
has a 20 base overhang on its 5’ 
end, which adds the spacer of 
interest upon PCR amplification. 
Spacer sequences added via PCR 
must not contain BsmBI, BsaI or NotI 
recognition sites. A different forward 
primer must be ordered from an oligo 
manufacturer for every spacer 
sequence to be constructed. For 
round 1 PCR, the reverse primer is 
fixed, meaning that it is the same 
primer for every reaction, and should 
be ordered from an oligo 
manufacturer with a phosphorylated 
5’ end, which will facilitate ligation 
and re-circularization of PCR 
fragments in later steps. 
To assemble a transcriptional unit 
containing 7 different spacer 
sequences, for example, one would 
order 7 different forward primers, 
each with a unique 20-base 
overhang, and the 1 phosphorylated reverse primer. During Round 1 PCR, the same 
template plasmid is used for all reactions. When constructing gRNA arrays flanked by 
Csy4 sites, use the Guide-Generating Vector, which can be visualized on Benchling and 
will be made available on the Addgene plasmid database.
Supplementary Figure S1: Experimental protocol 
schematic. Arrows indicate the steps through the 
protocol over a two-day period.
3Round 1 PCR Primers:
Primer description Sequence
Forward Primer with Overhang NNNNNNNNNNNNNNNNNNNNgttttagagctagaaatagcaagttaaaataag
Reverse Primer 5' Phos-ctgcctatacggcagtgaac
Supplementary Table S1: Primers for round 1 PCR, where N is the sequence of the spacer 
from 5’ to 3’. 5’ Phos indicates that the 5’ end of the reverse primer should be ordered as a 
phosphorylated primer.
Components, concentrations and volumes to add to each PCR reaction mixture:
Component Volume (µL)
Nuclease-free water 31.5
5 X Phusion HF Buffer 10
dNTPs (10 mM) 1
Forward Primer (10 µM) 2.5
Reverse Primer (10 µM) 2.5




Supplementary Table S2: PCR components for Round 1, which adds the desired gRNA 
sequences.
We used Phusion Polymerase due to its high-fidelity (see New England Biolabs product 
information: https://www.neb.com/faqs/2012/09/06/what-is-the-error-rate-of-phusion-
reg-high-fidelity-dna-polymerase). In Phusion HF buffer, the reported fidelity of Phusion 
is 4.4 x 107. 
PCR thermocycler conditions for Round 1 PCR:
Step Temp  (°C) Time  (s)
Initial Denaturation 98 30
25-35 Cycles 98 10
61 30
72 30
Final Extension 72 600
Hold 4   
PCR product length 1758 base pairs
Supplementary Table S3: Thermocycler settings for Round 1 PCR.
DpnI digests:
After completing the Round 1 PCR, 0.3 µL of DpnI enzyme (NEB) is added to each PCR 
microtube and incubated at 37°C for 1 hour. DpnI cleaves methylated DNA – the Guide-
Generating Vector PCR template in this case.
4Gel purify (1st time):
After DpnI digests, remove microtubes from the thermocycler. The next step is to purify 
the DNA via gel electrophoresis and agarose gel extraction. This process is important to 
enhance the purity of the PCR fragments. Any contamination of the different PCR 
fragments in this step will mean that, in round 2 PCR (when the BsmBI restriction sites 
are added), multiple different spacer sequences could be amplified with the same 
overhang primers. Therefore, contamination in this step could result in the final 
construct possessing misplaced gRNAs in the final array.
To minimize contamination, we recommend that the PCR fragments after DpnI digest 
be loaded in spatially separated wells. Do not overfill wells, as this could contaminate 
the other wells. For gel electrophoresis, add ~20 µL of the digested DNA mixture from 
the previous step to ~3 µL of 6x DNA loading dye. Load this mixture into the wells of the 
agarose gel and perform gel electrophoresis until total separation of DNA bands. After 
gel electrophoresis, excise gel bands and perform gel DNA extraction. We used the 
Zymoclean Gel DNA Recovery kit (Zymo Research) and followed manufacturer 
instructions. After isolating and purifying the DNA, proceed to the next step.
T4 ligation: 
Once the DNA has been gel purified, PCR fragments will consist of the spacer 
sequence, followed by a scaffold sequence, ColE1 and chloramphenicol resistance 
genes, and finally a Csy4 recognition site. By ligating these blunt-end, linear PCR 
fragments, a circularized vector that places the Csy4 site next to the designed, chimeric 
gRNA is obtained (see Figure 1a in main text). 
To ligate the isolated DNA fragments:
Component Volume (µL)
T4 ligase buffer (NEB) 1
T4 DNA ligase (NEB) 0.5
100 ng isolated DNA Varies
Water (up to 10 µL total volume) Varies
Reaction volume 10
Supplementary Table S4: Components to ligate fragments generated in Round 1 PCR.
Incubate the reaction mixtures at 37°C for a minimum of 30 minutes.
Sequencing Step (RECOMMENDED):
After obtaining circularized DNA vectors containing the gRNAs added via PCR, we 
recommend that the DNA fragments be sequence-verified. To sequence verify the DNA 
vectors with spacer sequences, transform E. coli and plate the cells on LB agar + 34 
μg/mL chloramphenicol. After incubation at 37°C, pick colonies and send for Sanger 
5sequencing using the following primer, which binds to the ColE1 sequence of the ligated 
vector upstream of the Csy4 site:
Primer description Sequence
Forward Primer for sequencing of 
fragments after Round 1 PCR and 
isolation
ctcacatgttctttcctgcg
Supplementary Table S5: Primer for sequence verification of spacer sequences in ligated 
Guide-Generating Vector after Round 1 PCR.
After sending the ligated vectors containing the spacer for sequence verification, either 
wait for the sequencing results to be confirmed before proceeding (to ensure no 
contamination after round 1 of PCR, which would be indicated by overlaps in peaks 
within the spacer sequence regions in the chromatograms generated from Sanger 
sequencing) or continue immediately with the next stages of the assembly protocol.
Round 2 PCR: Add BsmBI overhangs to the ligated PCR fragments from Round 1
The next step is to add overhangs to each of the ligated vectors from the previous 
stages, which will enable their incorporation into a destination vector via BsmBI Golden 
Gate assembly. For this step, each PCR tube will contain a different template (the DNA 
vector with the spacer sequence of interest) and a unique pair of forward and reverse 
primers.
Round 2 PCR uses a small ‘library’ of primers that are fixed, meaning that they only 
need to be ordered from an oligo manufacturer one time and then they can be used 
repeatedly. Each pair of primers adds a specific BsmBI recognition site and designed 4 
base pair overhangs to ligated PCR fragments generated from Round 1 PCR. This 
enables the gRNAs generated in the previous steps to be placed in any position within 
the final transcript, simply by changing the primer pair used in this round of PCR.
Note: The first gRNA in the array must always use the Position 1 – Forward primer and 
the last gRNA in the array (whether you are building an array with 5 gRNAs, 9 gRNAs, 
or 12 gRNAs, for example) must use the Position 12 – Reverse primer. 
6Overhang Sequence Forward Primer Reverse Primer
S CTGC GCATCGTCTCACTGCgttcactgccgtataggca N/A
E ATCC N/A ATGCCGTCTCAGGATaaaagcaccgactcggt
1 GGTA GCATCGTCTCAGGTAgttcactgccgtataggca ATGCCGTCTCATACCaaaagcaccgactcggt
2 ACGG GCATCGTCTCAACGGgttcactgccgtataggca ATGCCGTCTCACCGTaaaagcaccgactcggt
3 ATAG GCATCGTCTCAATAGgttcactgccgtataggca ATGCCGTCTCACTATaaaagcaccgactcggt
4 CTTA GCATCGTCTCACTTAgttcactgccgtataggca ATGCCGTCTCATAAGaaaagcaccgactcggt
5 AGTC GCATCGTCTCAAGTCgttcactgccgtataggca ATGCCGTCTCAGACTaaaagcaccgactcggt
6 ACAC GCATCGTCTCAACACgttcactgccgtataggca ATGCCGTCTCAGTGTaaaagcaccgactcggt
7 GCGA GCATCGTCTCAGCGAgttcactgccgtataggca ATGCCGTCTCATCGCaaaagcaccgactcggt
8 CCTC GCATCGTCTCACCTCgttcactgccgtataggca ATGCCGTCTCAGAGGaaaagcaccgactcggt
9 GAAA GCATCGTCTCAGAAAgttcactgccgtataggca ATGCCGTCTCATTTCaaaagcaccgactcggt
10 CCAA GCATCGTCTCACCAAgttcactgccgtataggca ATGCCGTCTCATTGGaaaagcaccgactcggt
11 ATGA GCATCGTCTCAATGAgttcactgccgtataggca ATGCCGTCTCATCATaaaagcaccgactcggt
Supplementary Table S6: Primer pairs for Round 2 PCR, which together add unique BsmBI 
overhangs for Golden Gate assembly. These overhangs were selected based on data 
presented by Vladimir et al.2 and optimized for use with this system.
These primer pairs are named according to their overhang rather than the fragment they make. They can be 
used in any combination, as long as the first fragment begins with the S overhang and the last fragment 
ends with the E overhang and all the overhangs in between are unique and compatible. A sample assembly 
with three gRNAs is presented in Supplementary Figure S2.
7Supplementary Table S7. Example 3 gRNA array assemblies. (a) Assembly of 3 gRNAs using numerically 
ordered overhangs. (b) Assembly of 3 gRNAs using non-numerically ordered overhangs.
Though we report here 12 different sets of primers, which enables up to 12 gRNAs to be 
assembled in a single array. However, these primer pairs are not limiting and additional 
pairs could be designed to enable even larger gRNA arrays to be constructed.
Choose primer pairs (we provide an example array assembly in the next few 
paragraphs) and then set up the PCR reactions with the different forward/reverse primer 
pairs and the unique, ligated guide-generating vector with the spacer sequence of 
interest, which was created in the previous steps.
To set up the PCR reactions:
Component Volume (µL)
Nuclease-free water 31
5 X Phusion HF Buffer 10
dNTPs (10 mM) 1
Forward Primer (10 µM) 2.5
Reverse Primer (10 µM) 2.5




Supplementary Table S8: PCR components for Round 2, which adds the BsmBI overhangs for 
Golden Gate.
8Once the PCR tubes have been mixed, place samples in a thermocycler with the 
following settings:
Step Temp (°C) Time (s)
Initial Denaturation 98 30
30 Cycles 98 10
60 30
72 20
Final Extension 72 600
Hold 10
PCR product length 150bp
Supplementary Table S9: Thermocycler settings for Round 2 PCR.
Example of primer selection for Round 2 PCR:
To build an array with six gRNAs, select primer pairs for Round 2 PCR accordingly:
Supplementary Table S10: Sample primers to use to construct an array with six gRNAs. Note 
the primer that is in bold – the gRNA in the final position must always use the Position 12 
Reverse primer.
BsmBI and DpnI Double Digest:
Remove microtubes from the thermocycler after PCR and perform a digestion with 
restriction enzymes. If, for round 2 PCR, you used a template vector that had previously 
been transformed into E. coli, it will be necessary to digest the PCR mixture with DpnI 
and BsmBI.
If, for round 2 PCR, you used a template vector which has not been transformed into E. 
coli, it is necessary to digest the PCR mixture with BsmBI only.
To each PCR tube, add 0.3 µL of each restriction enzyme. For a BsmBI/DpnI digest, 
incubate samples at 37°C for 30 minutes, followed by 55°C for 30 minutes. For a BsmBI 
digest, incubate samples at 55°C for 30 minutes.
PCR 
Tube Template DNA Primers
#1 Annealed Vector w/ gRNA for Position 1 in Array Position 1 Forward, Position 1 Reverse
#2 Annealed Vector w/ gRNA for Position 2 in Array Position 2 Forward, Position 2 Reverse
#3 Annealed Vector w/ gRNA for Position 3 in Array Position 3 Forward, Position 3 Reverse
#4 Annealed Vector w/ gRNA for Position 4 in Array Position 4 Forward, Position 4 Reverse
#5 Annealed Vector w/ gRNA for Position 5 in Array Position 5 Forward, Position 5 Reverse
#6 Annealed Vector w/ gRNA for Position 6 in Array Position 6 Forward, Position 12 Reverse
9We perform a BsmBI digest prior to gel purification to pre-digest the PCR fragments 
after the second round of PCR. We have observed that this increases the efficiency of 
the Golden Gate reaction in subsequent steps.
Both BsmBI and DpnI retain activity in PCR buffers, so it is not necessary to add 
additional buffers to the reaction mixture. See: https://www.neb.com/tools-and-
resources/usage-guidelines/activity-of-restriction-enzymes-in-pcr-buffers 
Gel purify (2nd time):
Gel purify the digested PCR samples and perform agarose gel electrophoresis and gel 
extraction as described previously.
Golden Gate reaction to obtain the final gRNA array:
Once samples have been gel purified, their DNA concentration should be determined 
and diluted to 50fM for the Golden Gate reaction.
The Golden Gate reaction uses a plasmid backbone (which we term the Destination 
Vector), which the gRNA fragments with added BsmBI sites can be assembled into. 
The Destination Vector used in this study consists of a promoter (the native yeast TDH3 
promoter, in this paper), followed by a GFP gene (which is flanked by BsmBI sites and 
thus excised upon Golden Gate) and a terminator (see Figure 1a in main text). 
Importantly, the Destination Vector also contains designed XhoI and BglII sites after the 
promoter and before the terminator, which enables any gRNA array, once assembled, 
to be swapped between different destination vectors, provided that they do not contain 
internal restriction sites.
The PTDH3 destination vector used in this study will be made available on Addgene and 
its plasmid map can be viewed on Benchling.
While performing the Golden Gate reaction, keep all components on ice and pipette 
carefully. It is also important to ensure that each part is diluted correctly, as this will 
increase the efficiency of the assembly. 
To set up the Golden Gate reaction:
Component Volume (µL)
50fM Destination Vector 0.15
50fM gRNAs + BsmBI overhangs (parts) 0.5 (each)
T4 DNA ligase 1
10x T4 ligase buffer 1




Supplementary Table S11: Components for the Golden Gate reaction, which is used to 
assemble the final gRNA array. 
Once the reaction mixture has been set up, place the microtube into a thermocycler with 
the following settings:
Supplementary Table S12: Thermocycler settings for the Golden Gate reaction. 
Following the Golden Gate reaction, transform E. coli using your preferred method for 
cloning and streak on LB agar plates with 34 μg/mL chloramphenicol.
The next day, pick white colonies (i.e. colonies that do not express GFP or other 
marker) and inoculate in LB media with chloramphenicol at 37°C for 6+ hours. Perform 
a DNA purification (miniprep) according to your preferred laboratory method for stable 
extraction of plasmid DNA.
Screening for correctly assembled gRNA arrays:
The destination vector utilized in the Golden Gate reaction contains BsaI restriction sites 
flanking the promoter and terminator, which enables straightforward screening of gRNA 
array size by BsaI digest. 
Once a colony yields an ‘expected’ band pattern following digestion with BsaI, sequence 
verify the colony of interest.
For gRNA arrays inserted into the destination vector with the PTDH3 promoter and tTDH1 
terminator (used in this study), the following primers were used for sequencing:
Primer description Sequence
Forward Primer (binds 
pTDH3)
gacggtaggtattgattgtaattc
Reverse Primer (binds 
tTDH1)
tgcttaatcttgtcttggctta
Supplementary Table S13: Primers for sequencing of gRNA arrays.
Step Temp  (°C) Time  (min)
30 Cycles 42 5
16 5
Incubation 55 10
Incubation #2 80 20
Hold 4 ∞
Size of Vector w/ gRNA 
Array -
Destination Vector (base pairs) + 
#gRNAs*150 (base pairs)
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Strains used in this study.
All strains used in this study are a derivative of BY4741 (MATɑ his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0).
Name Genotype Parental 
Strain






MATɑ met15Δ0 ura3Δ0 
pTEF1-mTagBFP2-tENO2 pHHF1-mRuby2-tADH1 pALD6-
Venus-tPGK1 (integrated at HO locus)
pPGK1-dCas9-tPGK1 pHHF2-Csy4-tTDH1 (integrated at 
LEU2 locus)
BY4741
Supplementary Table S14. Strains used in this study.
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Spacer and oligo sequences used in this study
All spacer sequences for Figure 2 in the main text were cloned into pYTK050 (from the 
Yeast MoClo Toolkit) as two phosphorylated and annealed oligos, according to previous 
protocols 1. 
Target Spacer Sequence gRNA # Sense Oligo Antisense Oligo
PTEF1 ggtaattaacgacaccctag 1 GAAAggtaattaacgacaccctagTAACTCGAG GCCACTCGAGTTActagggtgtcgttaattacc
PTEF1 tcgacgaagaaaaagaaacg 2 GAAAtcgacgaagaaaaagaaacgTAACTCGAG GCCACTCGAGTTAcgtttctttttcttcgtcga
PTEF1 ttaacttaaatatcaatggg 3 GAAAttaacttaaatatcaatgggTAACTCGAG GCCACTCGAGTTAcccattgatatttaagttaa
PTEF1 ttgatatttaagttaataaa 4 GAAA ttgatatttaagttaataaaTAACTCGAG GCCACTCGAGTTAtttattaacttaaatatcaa
PHHF1 tatgttgttcactcgcgcct 1 GAAAtatgttgttcactcgcgcctTAACTCGAG GCCACTCGAGTTAaggcgcgagtgaacaacata
PHHF1 tagccgaataacaacagccc 2 GAAAtagccgaataacaacagcccTAACTCGAG GCCACTCGAGTTAgggctgttgttattcggcta
PHHF1 ataagtatattaggatgagg 3 GAAAataagtatattaggatgaggTAACTCGAG GCCACTCGAGTTAcctcatcctaatatacttat
PHHF1 ataagatctatggtgtccaa 4 GAAAataagatctatggtgtccaaTAACTCGAG GCCACTCGAGTTAttggacaccatagatcttat
PHHF1 atctatggtgtccaaaggag 5 GAAAatctatggtgtccaaaggagTAACTCGAG GCCACTCGAGTTActcctttggacaccatagat
PHHF1 agaatgaaagttgtcatgga 6 GAAAagaatgaaagttgtcatggaTAACTCGAG GCCACTCGAGTTAtccatgacaactttcattct
PHHF1 cttgaattggtgaccattaa 7 GAAActtgaattggtgaccattaaTAACTCGAG GCCACTCGAGTTAttaatggtcaccaattcaag
PHHF1 tcaccaattcaagtgtacag 8 GAAAtcaccaattcaagtgtacagTAACTCGAG GCCACTCGAGTTActgtacacttgaattggtga
PALD6 gtaataaattcggggtgagg 1 GAAAgtaataaattcggggtgaggTAACTCGAG GCCACTCGAGTTAcctcaccccgaatttattac
PALD6 gctgtttgagctgactaaca 2 GAAAgctgtttgagctgactaacaTAACTCGAG GCCACTCGAGTTAtgttagtcagctcaaacagc
PALD6 cagctcaaacagcgatttaa 3 GAAAcagctcaaacagcgatttaaTAACTCGAG GCCACTCGAGTTAttaaatcgctgtttgagctg
PALD6 acacatcaaaacaccgttcg 4 GAAAacacatcaaaacaccgttcgTAACTCGAG GCCACTCGAGTTAcgaacggtgttttgatgtgt
PALD6 acaccgttcgaggtcaagcc 5 GAAAacaccgttcgaggtcaagccTAACTCGAG GCCACTCGAGTTAggcttgacctcgaacggtgt
PALD6 acgccaggcttgacctcgaa 6 GAAAacgccaggcttgacctcgaaTAACTCGAG GCCACTCGAGTTAttcgaggtcaagcctggcgt
PALD6 aagaacttgttaaacacgcc 7 GAAAaagaacttgttaaacacgccTAACTCGAG GCCACTCGAGTTAggcgtgtttaacaagttctt
PALD6 tataaatgtaataagaagtt 8 GAAAtataaatgtaataagaagttTAACTCGAG GCCACTCGAGTTAaacttcttattacatttata
n/a 
(blank)
gaacacttattctgggaaga n/a GAAAgaacacttattctgggaagaTAACTCGAG GCCACTCGAGTTAtcttcccagaataagtgttc
n/a 
(blank)
tcggctgacagttccaatag n/a GAAAtcggctgacagttccaatagTAACTCGAG GCCACTCGAGTTActattggaactgtcagccga
n/a 
(blank)
atcccaggttgtccgagaat n/a GAAAatcccaggttgtccgagaatTAACTCGAG GCCACTCGAGTTAattctcggacaacctgggat
Supplementary Table S15: Spacer sequences used in this study. The spacer sequences were 
designed in Benchling using the algorithm by Doench et al.3 and those sequences in bold 
indicate their use in the multiplexing experiments (Figure 3de in main text). n/a denotes a ‘null’ 
sequence that does not target anywhere in the S. cerevisiae genome (100% off-target).
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Supplementary Figure S2: Basic layout of the guide-generating vector for assembling gRNA 
arrays. Restriction sites for BsmBI are annotated. Guide-Generating vectors consist of a Csy4 
recognition site, followed by a screening marker, such as GFP, and an 80 base pair gRNA 
scaffold sequence for dCas9 binding. For cloning in E. coli, guide-generating vectors also 
contain an antibiotic resistance gene and ColE1.
14
Supplementary Figure S3: Basic layout of a destination vector for assembling gRNA arrays. 
Restriction sites for BsaI, BsmBI, XhoI and BglII are annotated. Destination vectors consist of a 
Pol II promoter, followed by a screening marker, such as GFP, followed by a 20 base pair Csy4 
recognition site and a terminator sequence. XhoI and BglII restriction sites enable assembled 
gRNA arrays to be easily transferred between other destination vectors, for rapid switching of 
promoters and terminators as desired. For cloning in E. coli, destination vectors also contain an 
antibiotic resistance gene and ColE1.
15
Supplementary Figure S4: Representative images of E. coli transformed with Destination 
Vectors with gRNA Arrays of Various Sizes. After inserting the gRNA arrays into Destination 
Vectors (either 3, 6, 9, or 12 gRNAs), TurboComp E. coli were chemically transformed with the 
Destination Vector + gRNAs or the Destination Vector alone and 50 µl of cells were plated on 
LB agar with chloramphenicol. Colonies were observed under blue light after 16 hours of 
growth, with the presence of GFP (see Empty Destination Vector control) indicating a failed 
Golden Gate reaction. Colonies were randomly selected from these plates and used for BsaI 
diagnostic digests and sequence verification.
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Supplementary Figure S5: Virtual BsaI restriction digest on gRNA arrays. Restriction digests 
were performed on Benchling.com for increasing numbers of gRNAs inserted into the 
Destination Vector with BsaI. Band patterns generated are compared to a 2log ladder (NEB), for 
which 3kb, 2kb and 1kb bands are annotated.
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Supplementary Figure S6: BsaI restriction digest on assembled gRNA arrays. Restriction 
digests were performed on plasmids isolated from E. coli transformed with gRNA arrays 
assembled into the Destination Vector shown in Figure S3. 12 E. coli colonies were selected for 
each array length. Vector (No BsaI) indicates a Destination vector which has not been digested 
with BsaI. The first three colonies (left to right) that produced a BsaI restriction digest band 
pattern corresponding to the expected size of the gRNA array were also verified by Sanger 
sequencing. . This restriction digest was used to quantify assembly efficiency for gRNA arrays 
over a range of lengths.
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Supplementary Figure S7: Flow cytometry and colony PCR on yeast strains expressing arrays 
of gRNAs indicates preservation of repetitive sequences after repeated dilutions. (a) Colony 
PCR on yeast with genome-integrated gRNA arrays (containing 3, 6, 9 or 12 gRNAs) with n=3 
biological replicates for each condition after transformation and inoculation in liquid media for 6 
hours(b) Colony PCR on the same yeast strains from (a) after five consecutive dilutions, with 12 
hours of growth between dilutions. Colony PCR and gel electrophoresis was performed in the 
same manner as (a). 2log ladder purchased from NEB. No Template indicates that no DNA was 
loaded on the agarose gel (negative control); + X gRNAs indicates untransformed plasmids 
encoding arrays with 3, 6, 9 or 12 gRNAs (positive control). (c) Normalized repression of 
fluorescence by multiplexed expression of gRNA arrays after five consecutive dilutions with 12 
hours of growth between dilutions. All experimental samples were normalized to the 
fluorescence measured for this yeast strain also expressing an array with 3 ‘null’ gRNAs. The ‘3 
Null gRNAs’ control was set to a value of 1.0 for all three fluorescence channels. All values 
plotted are averages from n=8 (3, 6, 9, 12 gRNA arrays) or n=4 (3 Null gRNAs) samples. 
Error bars represent one standard deviation from the geometric mean. Asterisks denote two-




Genomic DNA was isolated from yeast colonies using the GC Preps protocol previously 
described4. Before genomic DNA isolation, liquid yeast cultures were re-streaked onto 
Synthetic Complete media and n=3 colonies picked for each condition at specified time 
points (either at an initial condition, which corresponds to one 100x dilution from 
inoculated transformant colonies, or after five 100x dilutions of these same cultures). 
Colony PCR was performed by adding 10 ng of the isolated genomic DNA to a reaction 
mix containing 5 μL each of a forward (5’ – gacggtaggtattgattgtaattc – 3’) and reverse 
primer (5’ – tgcttaatcttgtcttggctta – 3’) (both 10 μM), 63 μL water, 20 μL 5x Phusion HF 
buffer, 2 μL dNTP mix (10 mM), 3 μL 100% DMSO and 1 μL high-fidelity Phusion 
polymerase. Thermocycler settings: 30s denaturation at 98°C, 30 cycles of 98°C for 10s 
/ 59°C for 30s / 72°C for 30s with final incubation at 72°C for 10 min and hold at 4°C.
Quantification of gRNA Array Assembly Efficiency and Sanger Sequencing
The entire assembly reaction was transformed into TurboComp E. coli (NEB) and plated 
onto LB media + 34 μg/mL chloramphenicol. GFP-negative and -positive colonies were 
screened under a blue light and counted manually. Twelve non-GFP expressing 
colonies were randomly selected from each assembly condition and DNA was isolated 
by a standard miniprep protocol. 100 ng of DNA was digested with BsaI (NEB), 
incubated at 37°C for 1 hour, and gel electrophoresis performed. DNA bands were 
photographed while exposed to ultraviolet light with an exposure time that varied 
between gels depending on band intensity. DNA isolated from three separate 
colonies that yielded the expected BsaI restriction digest band patterns were Sanger 
sequenced with primers 5’ – gacggtaggtattgattgtaattc -3’ and 5’ – tgcttaatcttgtcttggctta -
3’ for the 3, 6, 9 and 12 gRNA arrays. These sequences and alignments can be 
viewed online:
3 gRNA array: https://benchling.com/s/seq-T613KW5T5CsPwuId0Ydw 
6 gRNA array: https://benchling.com/s/seq-My2WBXIz0MVLMferw292 
9 gRNA array: https://benchling.com/s/seq-YOdUteuTyYy5EgeRbyam 
12 gRNA array: https://benchling.com/s/seq-061y0fgOi0xOEDEEYgbK 
Yeast Transformations
Yeast colonies were grown to saturation overnight in YPD, then diluted 1:100 in 15 mL 
of fresh YPD in a 50 mL conical tube and grown for 4-6 h to OD600 0.6-0.8. Cells were 
pelleted and washed once with 10 mL 0.1 M lithium acetate (LiOAc) (Sigma). Cells were 
then resuspended in 0.1 M LiOAc to a total volume of 100 μL/transformation. 100 μL of 
cell suspension was then distributed into 1.5 mL reaction tubes and pelleted. Cells were 
resuspended in 64 μL of DNA/salmon sperm DNA mixture (10 μL of boiled salmon 
sperm DNA (Invitrogen) + DNA + ddH2O), and then mixed with 294 μL of PEG/LiOAc 
mixture (260 μL 50% (w/v) PEG-3350 (Sigma) + 36 μL 1 M LiOAc). DNA was digested 
with NotI enzyme prior to transformation as previously described.1 The yeast 
transformation mixture was then heat-shocked at 42°C for 40 mins, pelleted, 
resuspended in 200 μL water and plated onto the appropriate solid agar media.
Flow Cytometry on Diluted Yeast Cultures
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Yeast colonies were inoculated into liquid Synthetic Complete media with all amino 
acids supplemented apart from the corresponding, auxotrophic amino acids (Uracil, 
Leucine and Histidine) and incubated in 96-well, 2.2 mL deep well plates at 30°C and 
700 rpm over a 72 hour period. Yeast cultures were diluted 1:100 with fresh Synthetic 
Complete media every 12 hours and flow cytometry  performed 6 hours after the final 
dilution.
Design of Null gRNAs
Random DNA sequences of length n=20 were generated with R2oDNA 
(https://www.syntegron.org/R20/R20/R20.html). GC% was set to 50. Generated 
sequences from R2oDNA were then analyzed on Benchling.com. TGG was typed into 
the 3’ end of the input R2oDNA sequence and the gene region was analyzed with the 
built-in CRISPR tool with the following settings: Guide Length, 20; Genome, R64-1-1 
(SACCER3, SACCHAROMYCES CEREVISIAE); PAM, NGG. Three distinct null spacer 
sequences were verified in this manner.
Part sequences (only those not found in the Yeast MoClo Toolkit by Lee et al.) 1.
Grey highlight – BsaI recognition site. Dark green highlight – BsmBI recognition site. 
Bold – BsaI/BsmBI generated overhang. Blue highlight – GFP dropout. Yellow highlight 
– Csy4 recognition site. Dark yellow highlight – Scaffold sequence for dCas9 binding. 
Green highlight – start codon. Red highlight – stop codon. Pink highlight - nuclear 
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